In eukaryotic cells, a specialized proteolysis machinery that targets proteins containing destruction-box sequences for degradation and that uses a ubiquitin ligase known as the anaphase-promoting complex/cyclosome (APC) plays a key role in the regulation of mitosis. APC-dependent proteolysis triggers the separation of sister chromatids at the metaphase-anaphase transition and the destruction of mitotic cyclins at the end of mitosis. Recently, two highly conserved WD40-repeat proteins, Cdc20 and Cdh1/Hct1, have been identified as substrate-specific regulators of APC-dependent proteolysis in the budding yeast Saccharomyces cerevisiae. Here, we have investigated the cell cycle regulation of Cdc20 and Cdh1/Hct1.
Background
Progression through mitosis requires the precisely timed ubiquitin-dependent degradation of specific substrates. Degradation of an as yet unidentified protein in egg extracts from Xenopus [1] , of Pds1 in the budding yeast Saccharomyces cerevisiae [2] and Cut2 in Schizosaccharomyces pombe [3] is required for the metaphase-anaphase transition. Proteolysis of mitotic cyclins (cyclins A and B in higher eukaryotes, Cdc13 in S. pombe, and Clb cyclins in S. cerevisiae; reviewed in [4] ) is important for the inactivation of mitotic kinase during exit from mitosis. Destruction of Ase1 -a protein associated with the mitotic spindle -promotes disassembly of the mitotic spindle during exit from mitosis [5] . The efficient degradation of these proteins requires that they have a specific amino acid sequence termed the destruction box [6] , which is usually located near the amino terminus of a protein.
Deletion of this 9 amino acid motif from substrates prevents them from becoming multi-ubiquitinated and thus rapidly degraded (reviewed in [4, [7] [8] [9] ).
The machinery responsible for ubiquitinating mitotic cyclins and other proteins has been identified. It is comprised of the ubiquitin-conjugating enzymes Ubc4 and UbcX [10] [11] [12] [13] and a ubiquitin ligase known as the anaphase promoting complex/cyclosome (APC) [11, 14] . The APC is composed of multiple subunits that include the four previously identified proteins Cdc16, Cdc23, Cdc27 and Apc1/BimE [11, [15] [16] [17] [18] [19] and the cullin homolog Apc2 [20, 21] . Following ubiquitination, substrates are degraded by the 26S proteasome (reviewed in [22] ).
The stability of substrates of the APC-dependent proteolysis machinery varies greatly during the cell cycle. Substrates are stable during S phase, G2 and early mitosis (during which, for example, Clb2 has a half-life of more than 2 hours), but are unstable during exit from mitosis and G1 (Clb2 has a half-life of less than 1 minute during G1) [2, 5, [23] [24] [25] . Work using extracts from Xenopus and clam has shown that APC activity is a target for cell cycle regulation [11, 14] .
Regulation of the APC-dependent proteolysis machinery is complex. In S. cerevisiae, inactivation of APC-dependent proteolysis at the G1-S phase transition requires kinases activated by the G1 phase Cln cyclins [24] . Repression during S phase and early mitosis requires the continuous activity of Cln-associated and Clb-associated kinases [26] . Activation of APC-dependent proteolysis during mitosis also depends on cyclin-dependent kinase activity. Reconstitution of cyclin B proteolysis in vitro using partially purified components suggests that cyclin B-Cdc2 kinase activates APC-dependent proteolysis [14, [27] [28] [29] . Recently, several regulators of the APC-dependent proteolysis machinery have been identified. Protein kinase A has been shown to inhibit APC activity [17, 30] whereas the protein kinase Cdc5/Polo/Polo-like kinase activates the APC [30] [31] [32] . Two highly conserved WD40-repeat proteins, Cdc20 and Cdh1/Hct1, have also been identified as activators of APC-dependent proteolysis [31, 33, 34] . In cdc20-1 mutants, degradation of Pds1 is defective but Clb2 and Ase1 are degraded properly. Deletion of CDH1/HCT1 results in stabilization of Clb2 and Ase1 but not of Pds1. Overexpression of CDC20 or CDH1/HCT1 is sufficient to induce the APC-dependent proteolysis of the appropriate target in stages of the cell cycle when substrates are normally stable. These findings define Cdc20 and Cdh1/Hct1 as substrate-specific rate limiting activators of APCdependent proteolysis.
As Cdc20 and Cdh1/Hct1 are critical regulators of APCdependent proteolysis, it is important to understand how these proteins are themselves regulated. Here, we report that the levels of Cdh1/Hct1 RNA and protein do not fluctuate during the cell cycle. In contrast, the levels of Cdc20 RNA and protein are cell cycle regulated. CDC20 RNA is detectable only during pheromone arrest, late S phase and mitosis. The transcriptional controls operative on CDC20 might be similar to those operative on the gene encoding the mitotic cyclin Clb2, as transcription of both CDC20 and CLB2 requires active mitotic kinase. Furthermore, Cdc20 protein is unstable throughout the cell cycle. This instability is in part dependent on two APC subunits, Cdc23 and Cdc27, suggesting that APC-dependent proteolysis is partly responsible for the instability of Cdc20. Unlike other APC substrates, proteolysis of Cdc20 depends on CDC23 and CDC27 throughout the cell cycle. During G1, the instability of Cdc20 is mediated by a destruction box located in the amino-terminal part of the protein. In contrast, the instability of Cdc20 during S phase and mitosis, though dependent on CDC23 and CDC27, does not depend on the destruction box within Cdc20. Our results suggest a role for the APC in protein degradation during S phase and early mitosis. Remarkably, for the degradation of Cdc20, this activity does not depend on the destruction box in Cdc20 necessary for its degradation during G1.
Results

Cdc20 protein levels are cell cycle regulated
As a first step towards understanding how Cdc20 activity is regulated, we analyzed the levels of Cdc20 RNA and protein during the cell cycle. To this end, we engineered a gene (CDC20-HA) encoding Cdc20 tagged with a triple hemagglutinin epitope and under the control of the wildtype CDC20 promoter -a gene which complements the growth defect of a temperature sensitive cdc20-1 mutant. Cells carrying CDC20-HA were synchronized in G1 by addition of the mating pheromone α-factor. Cells were then released from the block and Cdc20 RNA and protein levels were analyzed. CDC20 RNA levels were high during the α-factor-induced G1 arrest, declined during S phase and accumulated again during G2 and mitosis (Figures 1a,2a) . The increased RNA levels in the pheromone-induced G1 arrest were not observed as cells entered the subsequent G1 phase (Figure 1a,2a) , suggesting that they were specific to the pheromone-induced G1 arrest. Despite high levels of CDC20 RNA in pheromonearrested cells, Cdc20 protein was absent during G1 ( Figure 1a) suggesting that post-transcriptional mechanisms downregulate Cdc20 protein during G1. Throughout the rest of the cell cycle, Cdc20 protein levels had a cell cycle profile similar to that of CDC20 RNA and that of the mitotic cyclin protein Clb2 (Figure 1a ). Cdc20 protein was absent during S phase, peaked when cells were in mitosis and declined as cells entered G1 (compare Figure 1a and 1c) . We conclude that Cdc20 RNA and protein levels fluctuate during the cell cycle, being maximal during mitosis.
To determine the degree to which transcriptional control was responsible for the fluctuation in Cdc20 protein levels during the cell cycle, we expressed CDC20 from the galactose-inducible GAL1-10 promoter. To allow moderate rates of transcription, low levels of galactose (0.1%) were added. Expression of CDC20 from the GAL1-10 promoter after release from a pheromone-induced G1 arrest gave levels of CDC20 RNA that were mostly constant throughout the cell cycle (Figure 1b ). Cdc20 protein levels were mostly constant throughout the cell cycle under these conditions, except during G1, when Cdc20 protein levels were significantly lower than in other stages of the cell cycle ( Figure 1b , time point 0). Our results suggest that transcriptional regulation of CDC20 plays an important role in restricting Cdc20 protein to late S phase and mitosis. During G1, additional post-transcriptional mechanisms help downregulate the Cdc20 protein, because neither ectopic transcription from the GAL1-10 promoter nor α-factorinduced transcription led to accumulation of Cdc20 protein.
Similar transcriptional controls may be operative on CDC20 and CLB2
The similar cell cycle oscillation of CDC20 and CLB2 RNA prompted us to investigate whether CDC20 and CLB2 transcription are under similar controls. Transcription of CLB2 depends on an active mitotic kinase; when grown at the restrictive temperature, strains temperature-sensitive for the mitotic kinase (clb-ts strains) fail to accumulate CLB2 transcripts [35] . Similarly, in the clb-ts strain, accumulation of CDC20 RNA after release from a pheromone-induced G1 arrest was severely delayed compared to the accumulation in wild-type cells (Figure 2a,b) . Control of CDC20 transcription is not identical to that of CLB2, however, as it was induced by mating pheromone (Figures 1a,2a) . We conclude that transcription of CDC20, like that of CLB2, depends on an active mitotic kinase, but that additional controls induce transcription in response to mating pheromone.
Cdc20 protein is unstable throughout the cell cycle
From our data, it seems that the fluctuation in the amount of Cdc20 protein during the cell cycle is determined largely at the level of transcription. During G1, however, neither ectopic transcription nor transcription induced by α-factor led to accumulation of Cdc20 protein, suggesting that posttranscriptional mechanisms must contribute to the lower protein levels observed during this phase of the cell cycle. To identify these post-transcriptional controls, we determined whether protein turnover was responsible for the downregulation of Cdc20 during G1. Cells were arrested at various stages of the cell cycle and the half-life of Cdc20 was measured after transient expression from the GAL1-10 promoter. Expression from the GAL1-10 promoter was brief (30 minutes) to avoid inappropriate activation of ). The increased instability of Cdc20 during G1 might contribute to the low levels of protein observed even when CDC20 is expressed from the GAL1-10 promoter. Interestingly, in cells arrested due to inactivation of the APC (Figure 3g ), the half-life of Cdc20 was prolonged.
The endogenous Cdc20 protein was as unstable as Cdc20 transiently expressed from the GAL1-10 promoter. Endogenous Cdc20 had a half-life of less than 5 minutes in cells arrested using pheromone and those arrested in S phase and early mitosis ( Figure 4 ). Our results show that Cdc20 is a short lived protein throughout the cell cycle but that it is partially stabilized in cells with a defective APC.
The instability of Cdc20 throughout the cell cycle depends on an active APC
The finding that Cdc20 was partially stabilized in an arrest due to inactivation of the APC raised the possibility that Cdc20 instability was at least partly mediated by the APC. Cdc20 might be degraded by the APC only during exit from mitosis and during G1 -as are all other known APC substrates. The finding, however, that Cdc20, unlike other APC substrates, was unstable throughout the cell cycle raised the possibility that Cdc20 was degraded by the APC throughout the cell cycle. To distinguish between these possibilities, we analyzed the consequences of inactivating APC on the turnover of Cdc20 in cells arrested at various stages of the cell cycle. We arrested wild-type cells and cells defective for the APC (cells carrying a temperature sensitive cdc23-1 mutation) using either α-factor pheromone (Figure 5b ), hydroxyurea (Figure 5c ), or nocodazole (Figure 5d ) at the permissive temperature (23°C). When arrest was complete, cells were shifted to 36°C to inactivate the cdc23-1 gene product and Cdc20 is unstable throughout the cell cycle. Wild-type cells carrying GAL-CDC20-HA were either (a) left to cycle, or arrested at 36°C in YEP-raffinose medium at the indicated cell cycle stages using either (b) 5 µg/ml α-factor, (d) 10 mg/ml hydroxyurea or (f) 15 µg/ml nocodazole. (c,e,g-i) Various temperature-sensitive cell division cycle (cdc) mutants carrying GAL-CDC20-HA were arrested at 36°C at the indicated cell cycle stages. After 3 h, galactose was added for 30 min to induce the production of Cdc20. Then glucose (2%) and cycloheximide (1 mg/ml) were added to repress transcription and translation, respectively. Samples were taken at the indicated times to determine the amount of Cdc20 protein and to determine cell cycle position by DNA content measurements.
Cycling α-factor The endogenous Cdc20 protein is unstable during G1, S phase and early mitosis. Wild-type cells carrying CDC20-HA (A1182) were arrested using 15 µg/ml nocodazole, 10 mg/ml hydroxyurea or 5 µg/ml α-factor. The half-life of Cdc20-HA was measured as described in Materials and methods, taking samples to determine (a) the level of Cdc20-HA protein at the indicated times after a pulse-chase with 5d). Defects in the APC subunit Cdc27 [11, 19] also caused stabilization of Cdc20. In temperaturesensitive cdc27-A mutants, Cdc20 was stabilized in all the cell cycle stages analyzed (Figure 5a-d) . The finding that throughout the cell cycle proteolysis of Cdc20 depended on the APC subunits Cdc23 and Cdc27 indicates that APC-mediated proteolysis is responsible for the instability of Cdc20 throughout the cell cycle.
We have previously shown that prolonged overexpression of CDC20 induces ectopic activation of APC-dependent proteolysis [33] . Thus, expression of CDC20 from the GAL1-10 promoter, though brief, might inappropriately activate APC-dependent proteolysis in stages of the cell cycle when it is normally inactive. This would result in Cdc20 appearing to be unstable throughout the cell cycle. To test this possibility, we constructed a strain that expressed the genes for both the APC substrates Pds1 and Cdc20 under the control of the GAL1-10 promoter. After brief transient expression from the GAL1-10 promoter, we measured the half-life of Pds1 and Cdc20. Whereas Cdc20 was unstable during G1, S phase and mitosis, Pds1 stability was characteristic of that of other APC substrates -it was unstable during G1, but stable during S phase and early mitosis ( Figure 6 ). This result shows that the instability of Cdc20 throughout the cell cycle that is dependent on CDC23 and CDC27 was not due to inappropriate activation of APC-dependent proteolysis brought about The instability of Cdc20 during the cell cycle depends on CDC23 and CDC27. Wild-type cells (A1052), cdc23-1 mutants (A1178) and cdc27-A mutants (A1391) carrying GAL-CDC20-HA were either (a) grown to exponential phase, or arrested with either (b) 5 µg/ml α-factor, (c) 10 mg/ml hydroxyurea, or (d) 15 µg/ml nocodazole in YEP-raffinose medium at 23°C. After 3 h, galactose was added for 30 min followed by a shift to 36°C for another 30 min. Transcription and translation were repressed by the addition of glucose (2%) and cycloheximide (1 mg/ml), respectively (at time zero). Samples were taken at the indicated times to determine the amount of Cdc20 protein and the cell cycle position by DNA content measurements.
by transient ectopic expression of CDC20 from the GAL1-10 promoter. Our results suggest that, in contrast to other APC substrates, APC-dependent proteolysis of Cdc20 is active throughout the cell cycle.
A Cdc20 destruction box contributes to its instability during G1 but not during other stages of the cell cycle Cdc20 contains two destruction-box-like motifs in its amino terminus (Box1 and Box2; Figure 7a ). To determine whether the instability of Cdc20 that is dependent on CDC23 and CDC27 is mediated by these destruction boxes, we constructed Cdc20 proteins lacking either one or both of the boxes. Deletion of Box2 did not cause a change in the half-life of Cdc20 in cells arrested in G1, S phase or mitosis (Figure 7b-e) . In contrast, deletion of Box1 stabilized Cdc20 but, surprisingly, not throughout the cell cycle. Deletion of Box1 caused stabilization in G1 (Figure 7c ) to the same extent as did inactivation of the APC (Figure 5b ). In contrast, deletion of Box1 had no stabilizing effects during S phase or mitosis (Figure 7d,e) . Deleting both Box1 and Box2 did not stabilize Cdc20 any more than did deleting Box1 alone, confirming that Box2 did not contribute to the instability of Cdc20 (Figure 7b -e).
Our data suggest that the APC subunits Cdc23 and Cdc27 are required for degradation of Cdc20 throughout the cell cycle. APC-dependent proteolysis acts on Cdc20 in two ways, however. APC-dependent proteolysis that is mediated by the Cdc20 destruction box is required for degrading Cdc20 during G1, whereas a previously unidentified function of the APC subunits Cdc23 and Cdc27, which is not mediated by the destruction box of Cdc20, is necessary for degrading Cdc20 during S phase and early mitosis.
Cdh1/Hct1 RNA and protein levels are constant throughout the cell cycle
The role of the Cdc20 homolog Cdh1/Hct1 in the degradation of the mitotic cyclin Clb2 and the mitotic-spindleassociated protein Ase1 is thought to be analogous to that Cdc20, but not Pds1, is unstable throughout the cell cycle. Various cdc mutants and wild-type cells carrying both GAL-CDC20-HA and a GAL-PDS1-HA fusion were arrested as described in the legend to Figure 3 . The half-lives of Cdc20 and Pds1 were measured after transient expression from the GAL1-10 promoter. Samples were taken at the indicated times to determine the amount of Cdc20 and Pds1 protein and to determine cell cycle position by DNA content measurements. 
Figure 7
The destruction box of Cdc20 contributes to the instability of Cdc20 during G1. (a) Alignment of the destruction boxes of Clb2, Pds1 and Cut2 with two putative destruction boxes of Cdc20, Box1 and Box2; the residue number of the first amino acid in each sequence is indicated and identical residues are shown in bold. (b-e) Cells (A1242) carrying GAL-CDC20-HA or the same construct lacking either the region encoding Box1 (∆Box1), the region encoding Box2 (∆Box2), or both these regions (∆Box1+2) were either (b) grown to exponential phase, or arrested using either (c) α-factor, (d) hydroxyurea, or (e) nocodazole. The half-life of Cdc20 and Cdc20 lacking one or both destruction boxes was determined as described in the legend to of Cdc20 in the degradation of Pds1 [33, 34] . To determine whether the cell cycle control of Cdh1/Hct1 and Cdc20 are similar, we analyzed the levels of Cdh1/Hct1 RNA and protein during the cell cycle. Cells carrying a functional MYC-tagged CDH1/HCT1 gene (CDH1-MYC; see Materials and methods) were synchronized in G1 by addition of the mating pheromone α-factor. After release from the block, Cdh1/Hct1 RNA and protein levels were analyzed. As shown in Figure 8 , the levels of both Cdh1/Hct1 RNA and protein were constant throughout the cell cycle. It is worth noting that the migration of Cdh1/Hct1 protein in polyacrylamide gels containing sodium dodecyl sulfate (SDS) varies during the cell cycle. Cdh1/Hct1 protein extracted from G1-phase cells migrates faster than Cdh1/Hct1 obtained from mitotic cells (compare the 0 and 75 minute time points in Figure 8b ). We do not know the reason for this differential migration, but phosphorylation has been shown to alter migration of proteins in SDS-polyacrylamide gels. Our result suggests that although Cdc20 might perform a similar role in the degradation of Pds1 to that of Cdh1/Hct1 in the degradation of Clb2 and Ase1, there are remarkable differences in their regulation during the cell cycle.
Discussion
Transcriptional controls help to restrict Cdc20 activity to late stages of the cell cycle
We have characterized the multiple controls operative on Cdc20 that restrict its activity to late stages of the cell cycle. In contrast to the levels of Cdh1/Hct1, which are constant throughout the cell cycle, Cdc20 levels fluctuate during the cell cycle. The amount of Cdc20 in a cell is regulated at the level of transcription, which appears to be responsible mainly for restricting Cdc20 protein to late stages of the cell cycle. When CDC20 is expressed at low levels from the GAL1-10 promoter, Cdc20 protein is present at constant levels throughout the cell cycle as soon as cells enter S phase. The transcriptional controls operative on the CDC20 promoter might be similar to those operative on the CLB2 and SWI5 promoters [35] .
Transcription of CDC20, like that of CLB2 and SWI5, depends on an active mitotic kinase. Thus, the mitotic kinases activate APC-dependent proteolysis by inducing transcription of the critical activator CDC20.
Transcription of CDC20 is also distinct from that of CLB2 and SWI5. CDC20 transcription is induced by mating pheromone which may be important to ensure continuous APC-dependent proteolysis activity during pheromone arrest [36] . We have previously shown that CDC20 is required for Pds1 degradation during a pheromoneinduced G1 arrest [33] . During G1, however, Cdc20 is highly unstable and does not accumulate to levels that are detectable by immunoblot analysis (Figure 1 ) [31] . The finding that CDC20 transcription is highly induced during the pheromone arrest might help to explain this apparent discrepancy. Although Cdc20 is highly unstable during G1, the protein is nevertheless synthesized at high levels during the arrest (Figure 4) . Thus, Cdc20 might be able to affect APC-dependent protein degradation. Before being degraded by the APC, Cdc20 might modify the APC. Alternatively, Cdc20 might target substrates such as Pds1 for degradation and by doing so becomes degraded itself by the APC.
Cdc20 is degraded by a pathway dependent on CDC23 and CDC27 and by a pathway independent of CDC23 and CDC27
The half-life of Cdc20 is less than 3 minutes in exponentially growing cells. In cdc23-1 or cdc27-A mutants, the halflife of Cdc20, although prolonged compared to wild-type cells, is still short. One possible explanation for this finding is that the defective APC components expressed by cdc23-1 and cdc27-A mutants are not completely inactive. We do not think that this is likely as other APC substrates are dramatically stabilized in cdc23-1 and cdc27-A mutants under similar experimental conditions (S.P. and A.A., unpublished observations) [15] . We therefore believe that APC-dependent proteolysis is not the only mechanism responsible for degrading Cdc20: there must also be a mechanism that is independent of CDC23 and CDC27, about which we know next to nothing. It is unclear whether it is ubiquitin dependent and which part of Cdc20 mediates this mode of proteolysis, but it appears to be active throughout the cell cycle. The half-life of Cdc20 in a cdc23-1 or cdc27-A mutant is similar whether cells are arrested in S phase, mitosis or G1.
Two modes of protein degradation dependent on CDC23 and CDC27
We have shown that the instability of Cdc20 during G1 is dependent on the APC subunits Cdc23 and Cdc27. This finding, together with the finding that during G1 the instability of Cdc20 is dependent on its destruction box, strongly suggests that APC-dependent proteolysis is responsible for the instability of Cdc20 during G1. Similar findings were recently reported by Shirayama et al. [31] . Here, we have also shown that the instability of Cdc20 during S phase and early mitosis is independent of this destruction box, although the APC components Cdc23 and Cdc27 are required for the degradation of Cdc20 during these cell cycle stages. It is possible that Cdc23 and Cdc27 are not only APC components but that they are also components of an as yet unidentified complex that mediates protein degradation during S phase and early mitosis. Given that the instability of Cdc20 during G1 shows all the characteristics of APC-dependent proteolysis and that degradation during S phase and early mitosis requires the APC subunits Cdc23 and Cdc27, however, we favor the idea that the requirement of CDC23 and CDC27 for Cdc20 degradation during S phase and early mitosis reflects a requirement for APC-dependent proteolysis during these cell cycle stages. We do not know yet whether Cdc23 and Cdc27 directly ubiquitinate Cdc20 during S phase and early mitosis. Irrespective of whether the effects of inactivating CDC23 or CDC27 on Cdc20 stability are direct or indirect, however, our data demonstrate a previously unknown function for Cdc23 and Cdc27, and possibly the APC, during S phase and early mitosis.
We propose that APC has at least two functions. One is mediated by destruction boxes in its substrates, the other one is not. The proteolysis that is dependent on destruction boxes, as previously reported for numerous APC substrates, is cell cycle regulated, being active during G1 but inactive during S phase and early mitosis. For Cdc20, another proteolytic activity is mediated by Cdc23 and Cdc27, but this is not dependent on either of Cdc20's destruction boxes. Throughout the remainder of this discussion, we will term this activity the 'S/early M, CDC23/CDC27-dependent proteolysis machinery'. We know little about the S/early M, CDC23/CDC27-dependent proteolysis machinery. The part of Cdc20 that mediates this mode of protein degradation has to be identified. Cryptic motifs similar to destruction boxes or new motifs could mediate this activity. Furthermore, the degradation machinery itself needs to be characterized. Whether other proteins are degraded by the S/early M CDC23/CDC27-dependent proteolysis machinery also remains to be determined. It is tempting to speculate that proteins important for restricting DNA replication to once per cell cycle [37, 38] are degraded by this machinery.
Our data indicate that the S/early M, CDC23/CDC27-dependent proteolysis machinery is active during S phase and early mitosis but might not be very active during G1. Deletion of Box1 of Cdc20 prolongs the half-life of Cdc20 during G1 almost to the extent seen in cdc23-1 mutants, suggesting that proteolysis mediated by this destruction box is the main mechanism responsible for the instability of Cdc20 during the G1 phase. Our data also suggest that the S/early M, CDC23/CDC27-dependent proteolysis machinery might not be as active as the APC-dependent protein degradation machinery that requires destruction boxes. Cdc20 appears less stable in G1-arrested cells than in cells arrested using hydroxyurea or nocodazole ( Figures 3,5,6 ).
Is there a role for the APC during S phase and early mitosis?
We found that Cdc20 is unstable throughout the cell cycle and that this instability depends on two APC components, Cdc23 and Cdc27. During different stages of the cell cycle, however, Cdc23 and Cdc27 function with different modes. Because of the complex pattern of protein degradation responsible for keeping Cdc20 unstable throughout the cell cycle and because the part of Cdc20 mediating the S/early M, CDC23/CDC27-dependent proteolysis has not been identified, we have not been able to directly analyze the consequences of expressing Cdc20 that is stable throughout the cell cycle on cell cycle progression. Deletion of the destruction box stabilizes Cdc20 only during G1 which has no consequences on cell cycle progression when it is expressed under the control of the CDC20 promoter (data not shown). Regulating the amount of Cdc20 protein might, however, be critical for cell cycle progression and cell viability. We have previously shown that ectopic expression of CDC20 from the GAL1-10 promoter is lethal [33] . Cells cease to divide, but do not arrest at a specific stage of the cell cycle. Overexpression of Cdc20 is also sufficient to cause a bypass of the DNA damage and mitotic spindle assembly checkpoint arrest [39] . Thus, keeping Cdc20 protein levels under tight control is not only critical for normal cell cycle progression but might also be important during a cell cycle arrest induced by DNA damage or by mitotic spindle damage.
Cdc20 versus Cdh1/Hct1 regulation
Although Cdc20 and Cdh1/Hct1 are highly related proteins and probably perform similar roles in the degradation of Pds1, and Clb2 and Ase1, respectively, their roles and regulation during the cell cycle differ remarkably. Cdc20 plays a critical role in the activation of Pds1 degradation [31, 33] . CDC20 is also required to initiate Clb degradation: cdc20-1 mutants arrest in metaphase with high levels of stable Clb2 [31] (S.P. and A.A., unpublished observations) which reflects the requirement of Pds1 destruction for the initiation of the proteolytic program responsible for degrading Clb cyclins. Cdc20 also performs an essential function during exit from mitosis. Deletion of PDS1 in a cdc20-1 mutant causes cdc20-1 cells to escape the metaphase arrest, but cells go on to arrest in anaphase instead [31, 40] . CDC20 may also play a role in mitotic spindle dynamics. At the restrictive temperature, cdc20-1 mutants form abnormal mitotic spindles containing excessive numbers of microtubules [41, 42] . Thus, Cdc20 plays a central role in the initiation of the APC-dependent proteolytic program that triggers the metaphase-anaphase transition and exit from mitosis. In contrast, Cdh1/Hct1 is dispensable for the metaphase-anaphase transition but plays an important, though not essential, role during exit from mitosis and G1. Cdh1/Hct1 triggers degradation of mitotic cyclins and Ase1 during these stages of the cell cycle [33, 34] .
The different roles of Cdc20 and Cdh1/Hct1 in the regulation of APC-mediated proteolysis and the differences in their regulation might allow us to explain the substratespecific differences in APC-mediated protein degradation. It could explain why APC-mediated proteolysis, although activated at the metaphase-anaphase transition, completely degrades Pds1 at this transition, but does not complete degradation of mitotic cyclins until exit from mitosis (at the telophase-G1 transition). The Cln-dependent and Clb-dependent kinases are continuously required to prevent activation of APC-dependent proteolysis that is mediated by a destruction box during S phase and early mitosis [24, 26] . We speculate that Cdh1/Hct1, whose protein levels are constant throughout the cell cycle, is inhibited by Cln-dependent and Clb-dependent kinases. In contrast, Cdc20, which is not present during S phase and early mitosis might be less susceptible to the inhibitory activity of kinases dependent on Cln and Clb. Therefore, when synthesized during mitosis, Cdc20 initiates the proteolytic program responsible for progression through mitosis even in the presence of high levels of Clndependent and Clb-dependent kinase activity. In contrast, Cdh1/Hct1 cannot become active until mitotic kinases are at least partially inactivated. But how is mitotic kinase inactivation initiated? Cdc20 might initiate inactivation by one or more of several mechanisms, including promoting accumulation of the inhibitor of cyclin-dependent kinases Sic1 or inducing degradation of a fraction of mitotic cyclins, which would then allow activation of Cdh1/Hct1 and accumulation of Sic1.
Conclusions
Our results suggest that RNA and protein levels of the APC activator Cdh1/Hct1 are constant throughout the cell cycle. In contrast, the APC activator Cdc20 is regulated at multiple levels. CDC20 RNA levels are cell cycle regulated, being maximal during mitosis. The transcriptional controls operative on CDC20 might be similar to those regulating CLB2, as transcription of both CLB2 and CDC20 depends on an active mitotic kinase. Furthermore, Cdc20 is unstable throughout the cell cycle and this instability is partly dependent on two APC subunits, Cdc23 and Cdc27, suggesting that it depends on the APC-dependent proteolysis machinery. Surprisingly, two types of proteolytic mechanisms that are dependent on CDC23 and CDC27 act on Cdc20. One mechanism, which is dependent on the destruction box of Cdc20, is active during exit from mitosis and G1, whereas the second mode is responsible for the instability of Cdc20 during S phase and early mitosis and does not require the Cdc20 destruction box. Our results suggest that there is a previously unidentified activity for the APC-dependent proteolysis machinery that is independent of destruction boxes and that acts during S phase and early mitosis.
Materials and methods
Plasmid and strains
All strains were derivatives of strain W303 (K699; MATa ade2-1 leu2-3 ura3 trp1-1 his3-11,15 can1-100 GAL psi+). DNA manipulations were performed according to published methods [43] . To create CDC20-HA, DNA encoding a triple HA tag was inserted in frame at the BstEII site 40 bp downstream of the initiation codon in the CDC20 gene or at the MluI site 510 bp downstream of it. Functionality of the fusions was determined by their ability to complement the growth defect of a temperature-sensitive cdc20-1 mutant strain. The fusions were then cloned such that they were under the control of the GAL1-10 promoter as described [33] and placed into plasmid YCplac22 [44] . The destruction boxes within Cdc20 (Box1, amino acids 17 to 25; Box2, amino acids 60 to 68) were deleted using the Chameleon double-stranded, site-directed mutagenesis kit (Stratagene) according to the manufacturers' instructions. To create CDH1-MYC, a triple MYC tag was integrated at the initiation codon of the chromosomal CDH1/HCT1 locus as described [45] .
Growth conditions
Conditions for growth and release of synchronous cultures from arrest by α-factor (Figures 1,2,8 ) were as described [46] , except cells were released into YEP (yeast extract, peptone) medium containing raffinose and 0.1% galactose in the experiment described in Figure 1 . To determine the half-life of Cdc20 and versions of Cdc20 lacking either one or both destruction boxes in cells arrested at various stages of the cell cycle (Figures 3,6,7 ), cells were grown in YEP-raffinose medium at 23°C. Cells were then shifted to 37°C for 3 h and 5 µg/ml α-factor, 10 mg/ml hydroxyurea or 15 µg/ml nocodazole was added as appropriate. Thereafter, galactose was added for 30 min. Then 2% glucose and 1 mg/ml cycloheximide were added to repress transcription and translation, respectively. The amount of Cdc20 was then analyzed by immunoblot analysis.
To determine the half-life of the endogenous Cdc20 protein (Figure 4 ), cells were arrested with α-factor, hydroxyurea or nocodazole in medium containing 0.1 mM methionine. Cells from a 20 ml culture were then harvested by filtration, washed with two volumes of medium lacking methionine and containing glucose (-metD medium) and resuspended in 2 ml -metD medium. After a 4 min incubation, cells were labeled with 0.5 mCi 35 S-Translabel (ICN; 85% [ 35 S]methionine, 15% [ 35 S]cysteine) for 7 min. Cells were then centrifuged and resuspended at time zero in YEPD (yeast extract, polypeptone and dextrose) medium containing 2 mM methionine, 2 mM cysteine and 1 mg/ml cycloheximide.
To determine whether the half-life of Cdc20 was dependent on a functional APC throughout the cell cycle ( Figure 5 ), cells were arrested at 23°C (the permissive temperature for the cdc23-1 and the cdc27-A mutations) using α-factor (5 µg/ml), hydroxyurea (10 mg/ml), or nocodazole (15 µg/ml). After 3 h, galactose was added for 30 min, followed by a shift to 36°C for another 30 min. Then 2% glucose and 1 mg/ml cycloheximide were added to repress transcription and translation, respectively. The amount of Cdc20 was then analyzed by immunoblot analysis.
Techniques
Immunoblot analysis of the total amount of Clb2, Cdc28, Cdc20-HA and Cdh1-Myc was determined as described [47] . The dilutions used were 1:2000 for anti-Clb2, anti-HA and anti-Cdc28 antibodies and 1:500 for anti-Myc antibody. Equal loading of gel lanes was shown by probing blots with an anti-Cdc28 antibody. All other techniques were performed as described ( [35] and references therein). Immunoprecipitation of 35 S-labeled Cdc20 was performed as described [48] using an HA-affinity matrix distributed by BABCO.
